We compared the muscular anatomy of the distal front limb in terrestrial and aquatic chelonians to test whether observed differences between the two groups are associated with their divergent lifestyles and locomotor modes. Given the different use of the forelimb in the two environments (body support and propulsion on land vs. mainly propulsion in water) we expected that: (1) aquatic and terrestrial turtles would show differences in their muscular anatomy, with aquatic species having more individualized muscle bundles to allow for the complex forearm movements observed during swimming, and (2) that terrestrial turtles would have more robust muscles to support their body weight against gravity. To address these questions, we examined the forelimb myology and associated tissues in six aquatic or semi-aquatic turtles ( Phyrnops hilarii , Podocnemis unifilis, Trachemys scripta , Sacalia bealei , Cuora amboinensis and Mauremys caspica ) and six terrestrial or semi-terrestrial turtles ( Geochelone chilensis , Testudo graeca , Cuora galbinifrons , Glyptemys insculpta , Terrapene carolina and Rhinoclemmys pulcherrima ). This paper describes the general structure of the forelimb musculature in all species, and quantifies muscle masses in those species with more than five specimens available ( Ph. hilarii , Po. unifilis and Ge. chilensis ). The general structure of the forelimb muscles in the strictly terrestrial species Ge. chilensis and Tes. graeca was found to be notably different from the pattern of the aquatic and semi-aquatic species examined, showing a distinct fusion of the different muscular bodies. Ter. carolina also show a distinctly terrestrial pattern, but a less extensive tendon development. R. pulcherrima and Gl. insculpta were found to be morphologically intermediate; in the geoemydids the strictly terrestrial bauplan never appears. Quantitative differences in the robustness or mass of the distal forelimb muscles were also observed for the species investigated, supporting our prediction that the extensor muscles are more robust in terrestrial turtles. However, in contrast to our expectations, not only the extensor muscles of the distal forelimb (which are crucial in providing both body support and propulsion), but all muscles acting around the wrist were found to be heavier in terrestrial turtles.
Introduction
It has been proposed that variation in locomotor mode results in differences in the anatomy of the structures involved in locomotion (Collette, 1961; Odendaal, 1979; Russell & Bauer, 1989; Carrillo de Espinoza et al. 1990; Hamrick, 1996; Payne et al. 2004 Payne et al. , 2005 Payne et al. , 2006 Smith et al. 2006; Williams et al. 2007 ) as well as in the way the muscles are coordinated during movement (Biewener & Gillis, 1999; Gillis & Blob, 2001 ). In particular, locomotion in media with radically differing physical properties such as water and land probably imposes stringent demands on the structure and control of the musculoskeletal system (Gillis, 1998; Biewener & Gillis, 1999; Gillis & Blob, 2001) .
Turtles are an interesting group to study in this respect, as they have a short, broad trunk encased in a rigid shell, which has had extensive consequences for the morphology and function of their locomotor apparatus (Walker, 1971) . Because of their rigid bodies, turtles must rely entirely on their appendicular system for locomotion and thus constraints imposed by different locomotor environments (i.e. water versus air) should be directly reflected in its structure and function. Indeed, the use of the limbs during terrestrial versus aquatic locomotion is radically different. During terrestrial locomotion, the limbs must ensure body support against gravity, must provide stability and must generate the propulsive forces for forward locomotion (Zani & Claussen, 1995; Wren et al. 1998; Zani et al. 2005) . In water, the limbs are no longer used for body support and mainly need to provide propulsion. Interestingly, the forelimbs have become the dominant propulsive limb pair in some aquatic turtles such as sea turtles, generating lift and propulsion using a flapping motion (Renous & Bels, 1993) . Other aquatic turtles use drag-based rowing motions to generate propulsion with the front and hindlimbs (Pace et al. 2001) .
Given the different use of the forelimb in the two environments (body support and propulsion on land vs. mainly propulsion in water) we expected that: (1) aquatic and terrestrial turtles would show differences in their muscular anatomy, with aquatic species having more individualized muscle bundles to allow for the more complex forelimb movements observed during swimming (Renous & Bels, 1993; Pace et al. 2001) ; and (2) that terrestrial turtles would have more robust muscles to support their body weight against gravity. More specifically, we expected predominantly the wrist extensor muscles to be heavier in terrestrial species, and rotators to be better developed in aquatic species given the importance of wrist rotations during swimming.
However, our understanding of the muscular anatomy of turtle limbs is currently still limited. The most complete description of chelonian limb musculature was provided by Walker (1973) , who described the limb muscles in some cryptodiran and pleurodiran chelonians. Beyond this, only a few anatomical descriptions dealing with chelonian limb musculature are available (Bojanus, 1819; Walther, 1922; George & Patel, 1957; Yasukawa & Hikida, 1999; Wyneken 2001) . Thus, the first goal of the present paper was to provide a detailed description of the forelimb musculature in a variety of turtles that use primarily aquatic or terrestrial habitats. As differences in forelimb movements are most prominent at the wrist (Pace et al. 2001; Zani et al. 2005 ; our personal observations) we focused on the distal forelimb muscles only. In a first approach to test quantitatively for differences among species living in different environments, we measured the mass of the distal forelimb muscles and tested whether terrestrial species do indeed have more robust (heavier) muscles for their body size than aquatic species.
Material and methods
Forty-two alcohol-preserved specimens were used in this study: 13 Geochelone chilensis , eight Phrynops hilarii , six Podocnemis unifilis , two Trachemys scripta , two Testudo graeca , one Rhinoclemmys pulcherrima , three Terrapene carolina , two Sacalia bealei , one Cuora galbinifrons , one Cuora amboinesis , one Glyptemys insculpta and two Mauremys caspica (see Appendix 2).
Special attention was paid to general muscle architecture (origin, insertion, fibre orientation, etc.) as well as the structure and position of associated tendons. Basic details of the musculature of the chelonian forelimb were obtained by dissections. The specimens were observed and dissected under a binocular microscope and drawings were made using a camera lucida. Muscles were classified according to the terminology proposed by Haines (1939 Haines ( , 1950 , Walker (1973) and Russell (1988) . Romer (1956) and Sheil (2003) were followed for the osteological nomenclature.
For the quantitative analysis we used only those species for which more than five specimens were available. Muscle of all specimens of Ph. hilarii , Po. unifilis and Ge. chilensis were dissected out, dried in an oven at 60 ° C and weighed with an analytical balance (±1 mg). Fifteen morphometric variables including body mass and the mass of all muscles were recorded (Table 1) . Additionally, the biceps muscle and its tendon length were measured using digital calipers (± 0.01 mm).
Data were log 10 -transformed before analysis, and normality and homoscedasticity were tested with Shapiro-Wilks and Levenes tests, respectively (Sokal & Rolph, 1995) . As morphometric data were correlated with overall animal size (Pearson correlations, all P < 0.05), analyses of co-variance (with body mass as a covariate) were used to test for differences between terrestrial and aquatic turtles. We performed different tests for the extensor, flexor and rotator muscle groups.
Results

Wrist extensors
This group consisted of m. extensor digitorum longus, m. extensor carpi radialis, m. tractor radii and m. extensor carpi ulnaris. Quantitative analysis showed that terrestrial species have heavier wrist extensors than aquatic species ( MANCOVA : Wilk's Lambda F 4,12 = 0.42; P = 0.03). Subsequent univariate F -tests showed that this difference was significant for all muscles (all P < 0.05).
The m. extensor digitorum longus in Ph. hilarii (Fig. 1a) , Po. unifilis , Tr. scripta , C. amboinensis , M. caspica , S. bealei and R. pulcherrima originates in the central and dorsal region of the distal condyle of the humerus and extends distally, covering the dorsal surface of the manus. At the base of the metacarpals it divides into four short, wide and flat slips reaching each digit. These insert at the distal end of each metacarpal, there being two slips to each digit except for the first and fifth, which lack slips on their outer surface. In Ter. carolina and C. galbinifrons the muscle splits into three slips only and, distally, it is fused with the ventral slip of the m. extensor carpi radialis. In Ge. chilensis (see Fig. 3a ), Gl. insculpta , C. galbinifrons and Tes. graeca , the muscle has the same origin although by means of a very wide and ribbon-like tendon. A tendinous layer joins the dorsal digital tendons and covers the distal portion of the m. extensor digitorum longus. Some of its fibres are closely associated with the proximal part of the m. extensor carpi radialis.
The extensor carpi radialis muscle in Ph. hilarii (Fig. 1a,b) , Po. unifilis , Tr. scripta , Gl. insculpta , C. amboinensis , M. caspica , S. bealei and R. pulcherrima originates via a tendon on the dorsolateral surface of the distal epicondyle of the humerus. This muscle has two bellies, one dorsal and the other ventral, which envelop the m. extensor digitorum longus. Both muscle bellies insert fleshy (not tendinous) on the distal head of the radius, the ventral one also inserting along the lateral edge of the radius. In Ge. chilensis (see Fig. 3a,b) , Tes. graeca , C. galbinifrons and Ter. carolina , this muscle has three bellies, superficialis, intermedius, and profundus, which originate together from the humerus via a tendinous structure described below. The superficialis belly envelops the lateral edge of the m. extensor digitorum longus inserting fleshy at the distal extreme of the radius. In Ter. carolina , this branch is very slender and inserts onto the radial bone. The intermedius and the superficialis bellies have a common origin on the humerus, but run separately along the surface of the radius. The third branch (profundus) is the deepest of the three and is attached fleshy along the medial edge of the radius, reaching the distal epicondyle.
The most lateral muscle of the radial muscular group corresponds to m. tractor radii. In Ph. hilarii , Po. unifilis , Tr. scripta , S. bealei , Ter. carolina and R. pulcherrima this is a bulky and well-developed muscle (Fig. 1b) . It originates broadly from the medial edge of the distal epicondyle of the humerus. It inserts fleshy along the lateral edge of the radius, ending in a short tendon on its distal extreme. In M. caspica the insertion is slightly displaced to the dorsal surface. In Ge. chilensis (see Fig. 3b ), Gl. insculpta , C. galbinifrons , C. amboinensis and Tes. graeca the muscle (Fig. 1a,b) , a narrow and flat muscle, originates from the lateral epicondyle of the humerus, and inserts via a tendon on the laterodistal surface of the ulna. Its fleshy insertion covers nearly the entire lateral surface of the ulna, and runs along the m. extensor digitorum brevis of digit V. In Gl. insculpta there are three branches. In Po. unifilis , the m. extensor carpi ulnaris shows a pattern similar to that mentioned for Phrynops and the other aquatic species, except for the insertion, which covers the distal third of the ulna in this species. In Ge. chilensis (see Fig. 3a,b) , Tes. greca , R. pulcherrima and Ter. carolina , this is a very thick and broad muscle originating on the distal condyle of the humerus by means of a long and strong tendon. In Tr. scripta both lateral muscle complexes (mm. extensor carpi ulnaris and radialis) have been shifted slightly to the dorsal surface.
Wrist flexors
This group consists of the m. flexor carpi radialis, the m. flexor carpi ulnaris, the m. palmaris longus, the m. flexor digitorum longus and the m. brachialis inferior. Quantitative analysis showed that terrestrial turtles have heavier wrist flexors than aquatic turtles ( MANCOVA : Wilk's Lambda F 4,10 = 0.11; P < 0.01). Subsequent univariate F-tests showed that this pattern holds for all muscles (all P < 0.01).
In Ph. hilarii (Fig. 2a,b,c) , Po. unifilis, S. bealei, Tr. scripta, C. galbinifrons, C. amboinensis, M. caspica and R. pulcherrima the m. flexor carpi radialis originates from the lateral epicondyle of the humerus and envelops the m. flexor digitorum longus. It inserts on the aponeurosis that covers the distal condyle of the radius. The muscle is notably modified in Ge. chilensis (Fig. 4b,c) , Tes. graeca, Gl. insculpta and Ter. carolina. In these species, it is a fusiform, thick, and short muscle, originating from a broad area on the lateral distal epicondyle of the humerus. In Ge. chilensis and Tes. graeca, halfway through the radius length, the muscle continues into a very long and thick tendon that merges with the aponeurotic tissue, and reaches the ungual phalanx of digit I. In Ter. carolina, it inserts fleshy along most of the length of the radius.
The flexor carpi ulnaris muscle is divided into two or three branches in the chelonians examined here. In Ph. hilarii (Fig. 2b) , Po. unifilis, S. bealei and Tr. scripta the muscle has a superficial and a deep branch. The superficial branch originates by means of a short tendon at the laterodistal epicondyle of the humerus. It is fixed to the lateral edge of the ulna and inserts on the os pisiformis. The deep branch has the same origin as the superficial one. It is triangular, long, and inserts fleshy along the medial edge of the ulna. In R. pulcherrima, M. caspica, C. galbinifrons and C. amboinensis, this muscle has three branches. The external and internal branches arise from the distal extreme of the humerus and insert onto the distalmost part of the ulna. The internal branch is bulky; the external one is flat and envelops the internal one. The third branch lies deep and originates from the distal extreme of the humerus, and inserts fleshy along the entire length of the ulna (except in M. caspica where it covers only the proximal third of the ulna). In C. galbinifrons and C. amboinensis, the internal and deep branches are fused with the m. flexor digitorum longus. The distal fibres of the third branch are joined with the flexor plate. In M. caspica many fibres of the deep branch are distally joined with the m. flexor digitorum longus and with the flexor plate. In Ge. chilensis (Fig. 4b) , Tes. graeca, Gl. insculpta and Ter. carolina, this muscle has two branches, an internal (medial) and an external (lateral) one. Both branches arise from a broad tendon that covers the lateral epicondylus of the humerus, and fleshy from the ulna. The medial branch originates also fleshy from the distal two-thirds of the ulna, and the lateral one also proximally from the ulna. Distally, the muscle merges with the tendinous layer covering the m. abductor digitorum V.
The forearm of Ge. chilensis (Fig. 4a,c) , Tes. graeca, Gl. insculpta and Ter. carolina has many muscular fusions that we have classified and described as follows: Fusion 1 (Fig. 4a ): m. palmaris longus + m. flexor digitorum longus. Despite the fusion, both muscles can still be distinguished. Fusion 2 (Fig. 4b ): m. flexor carpi ulnaris (medial branch) + Fusion 3. Fusion 3 (Fig. 4a,c) : the flexor muscles of the digits were fused in an undifferentiated muscular mass. Superficially, mm. flexor brevis superficialis appear as a single reduced muscular mass located at the base of digits IV and V. The medial layer, which is a prolongation of m. flexor digitorum longus, included the flexor plate, which is mineralized. In the deepest layer another undifferentiated muscular mass could be observed, probably corresponding to the mm. flexores brevis profundi, and the mm. contrahentes.
In the chelonians analysed here (with the exception of R. pulcherrima that has no m. palmaris longus) the m. palmaris longus originates via a short tendon on the lateral epicondyle of the humerus, lateral to m. flexor carpi radialis. It is a flat, broad, and subtriangular muscle that inserts onto the palmar aponeurosis, which includes the flexor retinaculum at the wrist. The palmaris longus muscle is wide and well developed in Ge. chilensis (Fig. 4a) The m. flexor digitorum longus, in Ph. hilarii (Fig. 2a,b) , Po. unifilis, C. galbinifrons and Tr. scripta has two branches, a superficial one and a large deep one. The superficial branch originates from the lateral surface of the distal epicondyle of the humerus. It is triangular in shape and inserts onto the flexor plate. The deep branch originates along the lateral edge of the ulna, and also inserts onto the flexor plate. In C. galbinifrons and S. bealei, the ulnar head is fused with the m. flexor carpi ulnaris and the entire muscle is separated from the m. palmaris longus. Tr. scripta has some of the muscle fibres merged with those of the m. palmaris longus. In R. pulcherrima, M. caspica and C. amboinensis, this muscle has only one branch. It is a bulky, triangular muscle that inserts onto the flexor plate. In Ge. chilensis (Fig. 4b) , Tes. graeca, Gl. insculpta and Ter. carolina this bulky muscle has a well-developed carpal head, inserting onto the flexor plate and which is incorporated to Fusion 3. The main body of the muscle is part of Fusion 1.
In Ph. hilarii (Fig. 5b) , Po. unifilis, S. bealei, Tr. scripta and R. pulcherrima the m. brachialis inferior originates from the base of the proximolateral condyle of the humerus. It is a large, wide muscle that extends along the humerus, and inserts by means of a short, wide and strong tendon on the base of the proximal condyle of the radius. It is strongly associated with the tendon of the m. biceps. In Ge. chilensis, (Fig. 5a) , Ter. carolina, Gl. insculpta, M. caspica, C. galbinifrons, C. amboinensis and Tes. graeca the m. brachialis inferior is quite large and originates along the distal half of the humerus. It inserts fleshy on the lateral and proximal quarter of the ulna, enveloping the laterodistal epicondyle of the humerus. The insertion tendons of the two mm. biceps pass through the m. brachialis inferior, which is thus separated into two overlapping layers.
Pronator muscles of the forearm
This group consists of: m. pronator teres, m. pronator accesorius and m. pronator profundus. Quantitative analysis showed that terrestrial turtles again have heavier muscles than aquatic ones (MANCOVA: Wilk's Lambda F 3,12 = 0.47; P = 0.02). Subsequent univariate F-tests showed that this pattern holds for all muscles (all P < 0.05).
A large muscle, the m. pronator teres (Fig. 2d ) extends obliquely, close to the m. flexor digitorum longus of the forearm. The former originates via a strong and long tendinous bundle, from the laterodistal epicondyle of the humerus, and inserts along the distal edge of the radius. In Ge. chilensis, Ter. carolina, Tes. graeca and Gl. insculpta, the m. pronator teres is well developed, with a broad origin on the distal condyle of the humerus, and a fleshy insertion along the ventral surface of the radius.
In all turtles examined, the m. pronator accesorius (Figs 2c, 4c ) is a thick, big muscle, originating by means of a strong and long tendon from the distal extreme of the humerus between the origin of the m. flexor carpi ulnaris and the m. flexor carpi radialis. The muscle runs obliquely between the radius and the ulna and is partly covered by the deepest branch of the m. flexor digitorum longus. The muscle inserts fleshy on the medial surface of the distal extreme of the radius.
In Ph. hilarii (Fig. 2d) , Po. unifilis and Tr. scripta the m. pronator profundus is a double muscle with a proximal and a distal branch. The proximal branch arises fleshy from the radius and inserts on the distal extreme of the ulna. The distal branch arises fleshy from the distal condyle and the distal two-thirds of the ulna. It inserts on the distal extreme of the radius, along its medial surface, and on the distal aspect of carpals 1, 2 and 3. In Ge. chilensis (Fig. 4c) , Tes. graeca, Ter. carolina, M. caspica, C. galbinifrons, C. amboinensis, S. bealei and R. pulcherrima this is a single muscle and its insertion is moved slightly to the medial edge of the dorsal surface of the ulna.
Abductor muscles of the hand
This group consists of m. abductor pollici longus, m. abductor pollici brevis and m. abductor digitorum V. A univariate ANCOVA testing for differences in the mass of the m. abductor pollici longus revealed no differences between terrestrial and aquatic species (F 1,14 = 0.01; P = 0.93).
The abductor pollici longus muscle (Fig. 1b) is a triangularlike muscle that originates from the distal two-thirds or the entire length of the medial surface of the ulna. It inserts by means of a tendon on the distal extreme of metacarpal I. In Po. unifilis the muscle is shorter and the insertion point is on the proximal region of metacarpal I. In Ge. chilensis (Fig. 3b) , Tes. graeca, Ter. carolina, Gl. insculpta, C. amboinensis, M. caspica and R. pulcherrima , however, the insertion is fleshy at the base of metacarpal I.
There is an m. abductor pollici brevis in Ph. hilarii (Fig. 2c) , S. bealei, Po. unifilis, Tr. scripta, C. galbinifrons, C. amboinensis, M. caspica, Ter. carolina and R. pulcherrima . The muscle originates from the external edge of the distal condyle of the radius. It is a short and thick muscle, located on the lateral edge of the carpus, and inserting on the base of the first phalanx of digit I. The muscle has some fibres attached on the internal face of the skin at the dorsal and ventral sides of the manus (some specimens of Ter. carolina have no fibres attached to the skin). In Ge. chilensis, Tes. graeca and Gl. insculpta the lateral muscles of digits I and V (m. abductor digiti minimi and m. abductor pollici brevis) show anastomoses with the mm. extensor carpi, forming a continuous structure that runs on both sides of the forearm and manus. No fibres are attached to the skin in these species. In all turtles examined, the m. abductor digitorum V (Fig. 2c ) is long and narrow and originates from the lateral edge of the carpus on the os pisiformis. It inserts on the first phalanx of digit V. It extends laterally on the carpal area and many of its fibres are interconnected with the ventral flexor musculature.
Digital extensors
This group consists of mm. extensores digiti brevis and mm. dorsometacarpalis.
Each digit in Ph. hilarii, Po. unifilis, S. bealei, Tr. scripta, Ter. carolina and R. pulcherrima has a bicipital m. extensor digitorum brevis (Fig. 1b) , which originates from the base of the corresponding metacarpal and inserts onto the base of the first phalanx via a short tendon. These muscles have fibres attached to the internal face of the skin. In M. caspica and Ter. carolina this muscle also originates from the ulnar bone but there are no fibres attaching to the skin. In Gl. insculpta, C. galbinifrons and C. amboinensis, these muscles have only one belly, arise from the ulnar bone and insert on the basal portion of the proximal phalanges. In Ge. chilensis (Fig. 3a) and Tes. graeca, mm. extensores digitii brevis form an undifferentiated muscular mass, which is associated with the ventral surface of the carpal portion of m. extensor digitorum longus. This muscular mass originates via tendons from os intermedium and inserts on the base of each ungual phalanx.
A group of muscles, the mm. Dorsometacarpalis, covers the sides of each digit in Ph. hilarii (Fig. 1a,b) , Po. unifilis, Tr. scripta, S. bealei, C. amboinensis and R. pulcherrima. In Gl. insculpta, C. galbinifrons, M. caspica and Ter. carolina they cover the dorsal surface of each digit. They have a broad origin, with fibres arising from the distal carpal of each corresponding digit, and from the base of the corresponding metacarpal. They insert on the medial edge of each metacarpal bone, and extend distally via a wide and flat tendon that is attached from the second phalanx to the ungual one. In Ter. carolina this muscle is proximally undifferentiated from the mm. extensores digitii brevis. In S. bealei the insertion tendon is indistinguishable. In Ge. chilensis (Fig. 3b) and Tes. graeca, this group forms a continuous and undifferentiated layer with mm. extensores digitii brevis and extends on the dorsal surface of the digits.
Digital flexors
This group consists of mm. flexores digiti brevis superficialis, mm. lumbricalis, mm. flexores digiti brevis profundus, mm. intermetacarpalis and mm. contrahentes.
In Ph. hilarii (Fig. 2b) , Po. unifilis, S. bealei and Tr. scripta the fan-shaped mm. flexores digiti brevis superficiales arise from the flexor retinaculum covering the palm of the manus, and split off into five slips running toward each digit. Each slip inserts fleshy on the base of the corresponding proximal phalanx. The dorsal fibres of the muscle are attached to the flexor plate. In R. pulcherrima, M. caspica, C. galbinifrons and C. amboinensis, these muscles are all undifferentiated in the proximal part of the hand, and only split toward each digit in the distal part of the hand. In Ge. chilensis (Fig. 4a-c) , Tes. graeca and Gl. insculpta, these muscles are very reduced, forming an undifferentiated muscular mass close to the base of digits IV and V. These muscles are part of Fusion 3. In Ter. carolina the undifferentiated muscular mass is not reduced.
The flexores digiti brevis profundus (Fig. 2c) arise from the distal carpals, forming a flat layer that continues on each digit as a wide and flat muscle, which inserts on the distal extreme of the corresponding metacarpal. In Ge. chilensis (Fig. 4a-c) , Tes. graeca, Gl. insculpta, R. pulcherrima and Ter. carolina these muscles form an undifferentiated muscular mass that is part of Fusion 3.
The mm. intermetacarpalis (Fig. 2d ) are triangular with a broad origin on the lateral edge of each metacarpal. The muscle between digits V and IV has its origin on the fifth metacarpal; the muscle between digits IV and III has its origin on the metacarpal of digit IV, and so on. Each muscle inserts via a short tendon on the distal extreme of the next metacarpal. In M. caspica, C. amboinensis and S. bealei the mm. intermetacarpalis are tightly associated with the inter-digital webbing. In Ge. chilensis (Fig. 4a-c) and Tes. graeca these muscles are part of Fusion 3. In R. pulcherrima, Ter. carolina and Gl. insculpta these persist individually and do not take part in Fusion 3.
In Ph. hilarii (Fig. 2a) , Po. unifilis, M. caspica, C. galbinifrons, C. amboinensis and Tr. scripta, the mm. lumbricalis arise from the tendinous flexor plate on both sides of each flexor tendon and from the os intermedium. The muscles insert on the base of the ungual phalanx of each digit. Some fibres of mm. lumbricalis arise from an underlying muscular layer (probably corresponding to the carpal head of m. flexor digitorum longus). This extremely flat muscular layer extends over the medial surface of the hand and is dorsally fused to the flexor plate. In S. bealei these muscles are very reduced. In Ge. chilensis, Tes. graeca Gl. insculpta, R. pulcherrima and Ter. carolina these muscles are part of Fusion 3 (Fig. 4a-c) 
Associated tendinous structures
These are mainly represented by tendinous bundles, the flexor retinaculum, the palmar aponeurosis and the flexor plate.
Tendinous bundles (Fig. 5d) are composed of many tendons forming a very thick bundle. These structures are maximally developed in the tendons of the m. biceps that inserts onto the different regions of the proximal half of the ulnar shaft. They are present near the origin and sometimes also near the insertion of the following muscles: the flexor digitorum longus (origin and insertion in both types of chelonians), the flexor carpi ulnaris (origin in both types of chelonians), the flexor carpi radialis (origin in both types of chelonians), the pronator accesorius (origin in Ge. chilensis and Tes. graeca) and the extensor carpi ulnaris (incipient development in the origin of the muscle in P. hilarii).
The m. biceps is one of the main flexor muscles of the forearm, and also acts as a retractor of the humerus. It is commonly divided into two bundles, a superficial and a deep one. The latter inserts by means of a long tendon on the forearm. The tendinous bundles in the m. biceps profundus tendon in turtles examined here are remarkably large, and resemble cables arranged around a lumen. The insertion of the m. biceps tendon in Ge. chilensis and Tes. graeca is via a fan-shaped long tendon on the base of the proximal condyle of the radius and ulna. In Ph. hilarii, S. bealei, Po. unifilis, Gl. insculpta, C. galbinifrons, C. amboinensis, M. caspica, R. pulcherrima, Ter. carolina and Tr. scripta, the insertion is at the base of the proximal condyle of the radius, separated from m. brachialis inferior. A quantitative analysis of the length of the m. biceps tendon shows that the tendon is significantly longer in the terrestrial species analysed (ANCOVA: F 1,14 = 4.76; P = 0.045).
The flexor retinaculum (Figs 2b, 4c ) is an annular ligament that crosses the wrist and is generally present in all the members of the Amniota (our personal observations). It originates on the radial bone and inserts on the ulnar bone. In both aquatic and terrestrial chelonians the flexor retinaculum is strongly embedded in the m. palmaris longus superficially, as well as in the m. flexor digitorum longus.
An aponeurotic layer, the palmar aponeurosis (Figs 4a, 5c ), covers the surface of mm. flexores digiti brevis superficialis, and originates on the flexor retinaculum. It extends over the palmar surface of the manus, and inserts on each digit. In the species studied here, there is a well-developed and tendinous flexor plate (Figs 2a, 4b) , completely covered by the mm. flexor digiti brevis superficialis. The flexor plate originates on the muscle fibres of the m. flexor digitorum longus, and splits distally into five, corresponding to the five digits and continuing in the digital flexor tendons. These tendons insert on the ungual phalanx of each digit, inside the ungual sheath. In Ge. chilensis (Fig. 4b) and Tes. graeca, the tendinous flexor plate also splits into five and inserts by means of five very short extensions at the base of each digit.
Discussion
Most of the turtles analysed here presented a conservative muscular pattern of the forelimbs already described for other turtles and reptiles (Bojanus, 1819; Walther, 1922; Haines, 1939 Haines, , 1950 Walker, 1973; Moro & Abdala, 2004) . Departures from this typical pattern appear in extremely terrestrial turtles such as Geochelone, and in the flippers of aquatic turtles (Walther, 1922) . Wyneken (2001) stressed that the musculature of the flipper of sea turtles is obscured by extensive connective tissue. Thus, these derived patterns are reached with the same basic resources: muscular fusion and tendon development.
Our analysis of the distal forelimb muscles in terrestrial and aquatic turtles (not including marine turtles, which have derived flippers) shows distinct qualitative differences between the two groups mainly revolving around muscular fusion and the reinforcement of muscular fibres by tendinous tissue. In general, terrestrial species tend to show increased fusion and an increase in the amount of tendinous tissue. Based on our data, we would argue that these differences can in some cases be ascribed to constraints imposed by the locomotor environment. This link is very clear when terrestrial turtles included in the emydid and testudinid clades are considered (Joyce & Gauthier, 2004; Spinks et al. 2004 ). Thus, Ge. chilensis, Tes. graeca and Ter. carolina all present different grades of modification leading to the terrestrial pattern. This pattern is extreme in Ge. Chilensis and Tes. graeca, but not so divergent and specialized in Ter. carolina.
The morphologically intermediate condition displayed by Rhinoclemmys and Gl. insculpta, on the other hand, shows that the nature of the changes in the musculature related to differences in locomotor environment are also dependent on the ancestral bauplan of the species. In geoemydids the ecomorphological links are less clear. Although we dissected only one species of terrestrial geoemydid, C. galbinifrons, its muscular pattern is more similar to the typical bauplan as observed in the aquatic species than to the terrestrial one. Moreover, it appears that the completely terrestrial pattern has never appeared within the geoemydid clade. The only concession made to terrestriality is the tendency to develop a 'pad' in the palmar surface of the manus of the terrestrial geoemydid dissected. A typical 'pad' implies the presence of Fusion 3, and can also be seen in the terrestrial forms as Geochelone (Fig. 5c) , Testudo (Fig. 6a) or Ter. carolina (Fig. 6b) . It is possible that the fusion described by Walther (1922) in Carettochelys insculpta also corresponds to this type of structure.
In general, there appears to be a common chelonian pattern that was probably acquired early in their phylogenetic history (Walker, 1973; present study) . The same pattern, exemplified by the tendency to preserve a proximal insertion of m. extensor longus in comparison with other vertebrates, can be found in the lizard forearm (Abdala & Moro, 2006) . This may provide additional support for the proposed relationship between turtles and squamates (de Braga & Rieppel, 1997; Rieppel, 2000) . This typical pattern is perfectly suitable to perform all movements required in aquatic, semiterrestrial or terrestrial locomotion, as it is present in all geoemydid species analysed independent of their locomotor habits or lifestyle. The phylogenetic distribution of the typical forelimb muscular bauplan (Fig. 7) supports Joyce & Gauthier's (2004) interpretation of ancestral terrestrial habits with a derived acquisition of an aquatic lifestyle in crown turtles and a subsequent reversal to terrestrial habits in Testudinidae. Our data also suggest that adaptations to terrestrial habits and lifestyles were independently acquired within the emydids (Fig. 7) .
In reptiles the major flexor muscle of the forearm, represented by the m. flexor digitorum longus, is usually divided into several branches and is frequently fused with the neighbouring muscles such as the mm. flexor carpi radialis and/or flexor carpi ulnaris. When Haines (1950) and Landsmeer (1984) described the musculature of Varanus lizards, they found that m. flexor digitorum longus has three branches, one fused with both flexor carpi muscles, the other with the m. pronator teres, and the deepest one (the carpal head) being the origin of the tendinous flexor plate of the manus. This carpal head is also present in other lizards (Moro & Abdala, 2004) . In the turtles the carpal head is also evident and can be separated from the main muscular body. However, in Ge. chilensis, although identifiable, it is incorporated into Fusion 3 (see Results). In most turtles examined, the m. flexor digitorum longus is strongly attached to m. palmaris longus (except for, for example, R. pulcherrima), even to such an extent that it is difficult to separate them from each other. This strong relationship suggests the possibility of the m. palmaris longus being just one more layer of the m. flexor digitorum longus. However, we follow Haines (1950) and suggest that the m. palmaris longus ends in the superficial palmar aponeurosis and that the m. flexor digitorum longus ends in the tendinous plate. McMurrich (1905) and Walker (1973) , however, consider the palmar aponeurosis and flexor plate as the same structure onto which both muscles are attached. We disagree with their interpretation as the mm. flexores digiti brevis superficialis separate both tendinous layers. In R. pulcherrima the m. palmaris longus is entirely absent.
The extensor carpi radialis muscle has two branches in Ph. hilarii instead of the three branches observed in Podocnemis and Ge. chilensis. The intermedius and profundus branches in other chelonians seem to be fused in Ph. hilarii. Walther (1922) stressed that in Tryonix there is only one portion, and two in Caretochelys insculpta. We observed that the lateralmost muscle of the radial muscular group corresponds to the m. tractor radii, thus agreeing with Walker (1973) that this muscle is always present in chelonians. In most of aquatic turtles analysed, the insertion of this muscle is ventrally displaced possibly allowing the m. tractor radii to act like a pronator muscle. McMurrich (1905) considers the presence of strong tendinous bands between the digits, rather than the presence of the mm. Intermetacarpalis, as a generalized character for Reptilia. However, in turtles the mm. intermetacarpalis are well developed (Walther, 1922; Walker 1973 ; present study), thus contradicting this statement.
With respect to the intrinsic extensor muscles of the hands, the mm. extensores digiti brevis were described by Walker (1973) as absent in testudinids like Geochelone elephantopus. Moreover, he interpreted the fusion of the mm. extensores digiti brevis and the m. interossei into a single muscle group as being related to the less independent digital movements in sea turtles. We observed the same condition in Ge. chilensis, Tes. graeca and Ter. carolina for both muscles, and agree with Walker (1973) that the fusion of both muscles prevents independent digit movements. We have also observed that the aponeurotic tissue of both flexor and extensor surfaces of the forelimb in G. chilensis and Tes. graeca probably contributes to the limited mobility of the hand. Ter. carolina, however, shows an increased mobility of the digits. The aponeurotic tissue of the flexor and extensor surfaces is highly expanded, forming a thick and firm layer that superficially covers the muscles of the manus and is strongly associated with the underlying muscular structures. In Ph. hilarii the aponeurotic tissue is more loosely attached to the underlying musculature, and is associated with the internal face of the skin, in a pattern probably related to the movement of the forelimb webbing. Wyneken (2001) described a similar attachment of muscular fibres to the skin of the flipper in sea turtles, and related this condition to their swimming behaviour. This link between muscular fusion, tendon development and less movement flexibility has already been suggested by Walther (1922) in relation to the structure of the flipper in Caretochelys insculpta.
The muscular structure of Ge. chilensis and Tes. graeca is clearly different from that of the other turtles analysed. R. pulcherrima, Gl. insculpta and Ter. carolina, also terrestrial turtles, do not completely share the same pattern as the other two species especially because the tendinous system in their forelimbs is not as strongly developed as in Ge. chilensis or Tes. graeca. Interestingly, Wilbur & Morin (1994) stressed that the Emydidae in general are a predominantly aquatic family, but showing secondarily trends towards terrestriality in the genera Terrapene, Glyptemys and Rhinoclemmys. The forelimb musculature also shows this tendency. Rhinoclemmys presents fusion of some muscles: the ventral musculature of the hand, the m. flexor digitorum longus, and the m. pronator profundus, where only one branch can be discerned. In Ter. carolina and Gl. insculpta the tendency to terrestriality is more acute, as they present Fusions 1, 2, and 3, although the last one to a lesser degree. Auffenberg & Iverson (1979) suggest that testudinids have evolved from emydids with intermediate forms similar to extant Terrapene. The myology of Rhinoclemmys, showing forearm muscles to some degree similar to the aquatic turtles, supports the idea of these turtles being morphologically intermediate forms. By contrast, the presence of Fusion 3 in most of the terrestrial forms analysed probably indicates that in the manus some type of reinforcement is necessary to allow an efficient terrestrial locomotion. However, it should be noted that this trait also appears, although less pronounced, in all geoemydid turtles, making its relationship with ecology spurious.
In fact, only in aquatic turtles such as Ph. hilarii, Po. unifilis and Tr. scripta (Fig. 6c) is it possible to recognize the individual intrinsic muscles of the ventral portion of the hand. The other extreme is presented in testudines, with this palmar zone having the aspect of a fatty pad covered by a hard tendinous tissue (Figs 5c and 6a) . In terrestrial emydids the pad is present (Fig. 6b) , although not as well developed, and the tendinous tissue rather has the consistency of a hard aponeurosis. This portion of the hand is very simple in the aquatic turtles, as also suggested by Bojanus's (1819) work on Emys orbicularis in which all muscles can be easily identified, no fusion being indicated or drawn.
Ge. chilensis presents well-developed muscles and tendinous structures, although with a remarkable tendency to a fusion of the different muscular bodies. This tendency can be observed in Fusions 1, 2, and 3, as described in the Results. As burrowing is prevalent in tortoises, it could be hypothesized that the forelimb musculature is modified in relation to these habits. Morphological adaptations for forelimb digging are rare, however, and are only known to occur in taxa that undertake extensive tunnelling, such as the North American gopher tortoises (Kley & Kearney, 2007) . Although Ge. chilensis shares this burrowing habit, its digging does not involve extensive tunnelling (Cabrera, 1998) . In contrast, this species uses tunnels dug by other animals, including Lagostomus maximus holes (Richard, 1999) . Moreover, analysis of the myology of dedicated fossorial forms such as moles (Whidden, 2000) shows no presence of fusion of the muscles, nor a pronounced development of tendinous structures.
Intuitively, more and more independent muscular masses suggest a more flexible locomotor repertoire. Wyneken (2001) suggests that in young sea turtles, the muscle divisions of the forearm and the flipper, in particular, are more obvious than in older animals. In the former, less connective tissue is present and the digits have rudimentary flexion and extension capabilities. Ph. hilarii has distinct muscle divisions, and these are present also in older animals. Ge. chilensis, by contrast, presents the extreme condition with no possibility of digit movements in any ontogenetic stage. Thus, whereas aquatic freshwater turtles appear to keep their digit movement abilities in their adult life, marine turtles suffer a decrease of their movement capacities as they get older, and terrestrial turtles are unable to move their digits at all.
In addition to these qualitative differences, quantitative differences in the robustness or mass of the distal forelimb muscles were observed. Although these differences have to be interpreted cautiously as only a single terrestrial representative from only one family was included in the analysis, they suggest that in accordance with our a priori predictions the extensor muscles are more robust in terrestrial turtles. However, in contrast to our expectations, not only are the extensor muscles of the distal forelimb (which are crucial in providing both body support and propulsion) heavier in terrestrial turtles, but so too are all muscles acting around the wrist, and even the forearm rotators. This suggests an important function for the flexors and rotators in stabilizing the wrist and forearm during the stance phase. Electromyographic analyses of the forearm muscles are needed to test this prediction, however. Although more species of a wider range of families clearly have to be examined in a quantitative manner, our data suggest that functionally relevant differences exist in the distal forelimb muscles in aquatic versus terrestrial turtles and provide the basis for future quantitative studies of muscle function and architecture in chelonians.
Concluding remarks
Geochelone and Testudo exhibit a strongly derived muscular bauplan. Terrapene also has a terrestrial bauplan but not as extreme. Whereas an intermediate morphology can be observed in Glyptemys and Rhinoclemmys. Phrynops, Podocnemis, Trachemys and all geoemydid turtles exhibit a more generalized pattern. Based on the data collected in the present study, we suggest that the muscular structure of the forelimb is different between terrestrial and aquatic turtles, and that those differences can be ascribed to functional constraints imposed by the different locomotor environments in emydids and testudinids. However, this clear ecomorphological signal is not present in the geoemydids.
